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ARTICLE INFO ABSTRACT

Editor: Andrew Hazel Modeling and simulation of fluid-structure interactions are crucial to the success of aerospace engineering. This

work addresses a novel hybrid algorithm that models the close coupling between compressible flows and de-
formable materials using a mesoscopic approach. Specifically, the high-speed flows are described by the gas-
kinetic scheme, which is a robust Navier-Stokes solver built on the molecular kinetic theory. The deformation,
damage, and fracture of materials are depicted using the bond-based peridynamics, which serves as coarse-
grained molecular dynamics to construct non-local extensions of classical continuum mechanics. The evolution
of fluids and materials are closely coupled using the ghost-cell immersed boundary method. Within each time
step, the solutions of flow and solid fields are updated simultaneously, and physics-driven boundary conditions
are exchanged for each other via ghost cells. Extensive numerical experiments, including crack propagation in
a pre-cracked plate, subsonic flow around the NACA0012 airfoil, supersonic flow around the circular cylinder,
and shock wave impacting on the elastic panel, are performed to validate the algorithm. The simulation re-
sults demonstrate the unique advantages of current hybrid algorithm in solving fracture propagation induced by
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high-speed flows.

1. Introduction

The design of next-generation aerospace vehicles, characterized by
long endurance and high maneuverability, necessitates a deep un-
derstanding of multi-physics evolution under extreme conditions [1].
Among others, fluid-structure interaction (FSI) represents a key chal-
lenge in multi-physics coupling. As the flight envelope expands into
high-speed and high-altitude regimes, the mechanism of interaction be-
comes highly nonlinear. The enhanced compressibility leads to complex
flow structures, which cause difficulties in accurate evaluation of aero-
dynamic stress and heating loads acted on the airframe. The loads can
induce structural deformation, material degradation, and even catas-
trophic fracture, which in turn violently affect the flow evolution. Accu-
rate modeling and simulation of fluid-structure interactions are the key
to the success of aerospace engineering [2,3].

To simulate FSI problems, a common strategy is to combine Com-
putational Fluid Dynamics (CFD) with Computational Solid Mechanics
(CSM) methods. Strategies typically fall into two categories: boundary-
conforming methods (e.g., Arbitrary Lagrangian-Eulerian, ALE) and
fixed-grid methods (e.g., Immersed Boundary Method, IBM). While ALE
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methods track interface movement explicitly [4,5], they face inherent
difficulties in handling topological changes caused by severe deforma-
tion or fragmentation, often necessitating computationally expensive
remeshing. Conversely, the IBM [6-8] simplifies the fluid discretiza-
tion by modeling boundary effects on a stationary Eulerian grid. This
non-conforming flexibility has promoted extensive applications in both
rigid [9-12] and flexible body dynamics [13-16] interacting with vari-
ous flow regimes, ranging from incompressible [17-20] to compressible
flows [21-26].

Despite the versatility of IBM-based FSI solvers, simulating flow-
induced structural fracture remains a formidable bottleneck. This dif-
ficulty stems largely from the continuum-based nature of the tra-
ditional Finite Element Method (FEM). Based on partial differential
equations (PDEs), FEM faces inherent mathematical singularities when
handling spatial discontinuities like cracks. Although remedial tech-
niques such as element deletion, remeshing [27,28], or the Extended
Finite Element Method (XFEM) [29,30] have been proposed, they of-
ten incur significant computational overhead and algorithmic com-
plexity, particularly when tracking multiple branching cracks in three
dimensions.
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\begin {equation}\partial _t f + \mathbf v \cdot \nabla _{\mathbf x} f = \mathcal Q(f) = \frac {g - f}{\tau }, \label {eq:bgk}\end {equation}


$f(t,\mathbf x,\mathbf v,\zeta )$


$\mathcal Q$


$\tau $


$g$


\begin {equation}g = \rho \left ( \frac {\lambda }{\pi } \right )^{\frac {N+3}{2}} \exp \left [ -\lambda \left ( (\mathbf v - \mathbf V)^2 + \zeta ^2 \right ) \right ], \label {eq:maxwellian}\end {equation}


$\rho $


$N$


$\mathbf V$


$\lambda = m / 2kT$


$m$


$k$


$T$


$(5 - 3\gamma )/(\gamma - 1) + 1$


$\gamma $


$\zeta ^2 = \zeta _1^2 + \dots + \zeta _N^2$


$\mathrm {Pr}=1$


\begin {equation}\mathbf W= \begin {pmatrix} \rho \\ \rho \mathbf V \\ \rho E \end {pmatrix} = \int \psi f \, d {\Xi }, \label {eq:moments}\end {equation}


$E$


$\psi $


\begin {equation}\psi = \begin {pmatrix} 1, \mathbf v, \frac {1}{2}(\mathbf v^2 + \zeta ^2) \end {pmatrix}^T, \label {eq:psi}\end {equation}


$d\Xi = d\mathbf v d \zeta $


$f$


\begin {equation}f = g+f_{1} = g - \tau (\partial _t g + \mathbf v \cdot \nabla _{\mathbf x}g), \label {eq:ce_expansion}\end {equation}


\begin {equation}\int \psi (\partial _t g + \mathbf v \cdot \nabla _{\mathbf x} g) d {\Xi } = \tau \int \psi (\partial _t f_{1} + \mathbf v \cdot \nabla _{\mathbf x} f_1) d {\Xi }, \label {Xeqn6-6}\end {equation}


\begin {equation}\begin {aligned} &\frac {\partial \rho }{\partial t} + \nabla _{\mathbf x} \cdot (\rho \mathbf V)=0, \\ &\frac {\partial \rho \mathbf V}{\partial t} + \nabla _{\mathbf x} \cdot (\rho \mathbf V \otimes \mathbf V)-\nabla _{\mathbf x} \cdot \mathbf P=0, \\ &\frac {\partial \rho E}{\partial t} + \nabla _{\mathbf x} \cdot (\rho E\mathbf V)-\nabla _{\mathbf x} \cdot (\mathbf P \cdot \mathbf V)+\nabla _{\mathbf x} \cdot \mathbf q=0, \end {aligned} \label {eq:conservation laws}\end {equation}


$\otimes $


\begin {equation}\mathbf P=\int _{\mathbb R^3} (\mathbf v-\mathbf V)\otimes (\mathbf v-\mathbf V)fd\mathbf v, \quad \mathbf q=\int _{\mathbb R^3} \frac {1}{2}(\mathbf v-\mathbf V)(\mathbf v-\mathbf V)^2fd\mathbf v. \label {Xeqn8-8}\end {equation}


$\tau $


$\mu $


$\tau = \mu / p$


$\tau =\kappa / c_{p}p$


$\kappa $


\begin {equation}\label {pd} \rho _s(\mathbf {x})\ddot {\mathbf {u}}(t,\mathbf {x}) = \int _{H_\mathbf {x}}\mathbf {f}(\mathbf {u}^\prime - \mathbf {u}, \mathbf {x}^\prime - \mathbf {x})d{V^\prime } + \mathbf {b}(t,\mathbf {x}),\end {equation}


$\rho _s(\mathbf {x})$


$\mathbf {x}$


$\mathbf u$


$\ddot {\mathbf {u}}$


$\mathbf {f}$


$\mathbf {x'} - \mathbf {x}$


$\mathbf {u'} - \mathbf {u}$


$\mathbf {b}$


\begin {equation}H_\mathbf {x} = \{\mathbf {x}' \in \mathbb {R} : |\mathbf {x} - \mathbf {x}'| < \delta \}, \label {Xeqn10-10}\end {equation}


$\delta $


$\mathbf {x'}$


$V^\prime $


$\mathbf {y'}$


$\mathbf {y}$


$\mathbf {y'}=\mathbf {x'}+\mathbf {u'}$


$\mathbf {y}=\mathbf {x}+\mathbf {u}$


$\mathbf {\xi }$


$\mathbf {\eta }$


$\mathbf {x}$


$\mathbf {x'}$


$\mathbf {\xi } = \mathbf {x'}-\mathbf {x}$


$\mathbf {\eta } = \mathbf {u'}-\mathbf {u}$


$\mathbf {x}$


$\mathbf {\xi }$


$\mathbf {\xi } + \mathbf {\eta }$


$\omega $


\begin {equation}\label {new1} \mathbf {f}(\mathbf {\eta },\mathbf {\xi }) = \frac {\partial \omega (\mathbf {\eta }, \mathbf {\xi })}{\partial \mathbf {\eta }},\quad \forall \mathbf {\xi }, \mathbf {\eta }.\end {equation}


\begin {equation}\label {new2} \omega (\mathbf {\eta }, \mathbf {\xi }) = \frac {cs^2\|\mathbf {\xi }\|}{2},\end {equation}


$c$


$s$


\begin {equation}s = \frac {\| \mathbf {\xi }+\mathbf {\eta }\|-\|\mathbf {\xi }\|}{\|\mathbf {\xi }\|}. \label {Xeqn13-13}\end {equation}


$\mathbf {f}$


\begin {equation}\mathbf {f}(\mathbf {\eta },\mathbf {\xi }) = \frac {\partial \omega (\mathbf {\eta }, \mathbf {\xi })}{\partial \mathbf {\eta }} = cs\|\mathbf {\xi }\| \frac {\partial s}{\partial \mathbf {\eta }}= cs\frac {\mathbf {\xi }+\mathbf {\eta }}{\|\mathbf {\xi }+\mathbf {\eta }\|}. \label {Xeqn14-14}\end {equation}


$c$


\begin {equation}c = \begin {cases} \displaystyle \frac {2E}{\pi \delta ^2A}, & \text {for 1D,} \\[6pt] \displaystyle \frac {9E}{\pi \delta ^3h}, & \text {for plane stress,} \\[6pt] \displaystyle \frac {48E}{5\pi \delta ^3h}, & \text {for plane strain,} \\[6pt] \displaystyle \frac {12E}{\pi \delta ^4}, & \text {for 3D.} \end {cases} \label {Xeqn15-15}\end {equation}


$c_L = \sqrt {E/\rho }$


$t$


$\delta _T \sim \sqrt {\alpha t}$


$\delta _T \ll c_L t$


\begin {equation}\label {new3} \mathbf {f} = \lambda _s cs\frac {\mathbf {\xi }+\mathbf {\eta }}{\|\mathbf {\xi }+\mathbf {\eta }\|}.\end {equation}


$\lambda _s$


$s$


$s_c$


\begin {equation}\lambda _s = \begin {cases} 1.0, & \text {if } s < s_c, \\ 0.0, & \text {if } s \geq s_c. \end {cases} \label {Xeqn17-17}\end {equation}


$s_c$


$G_c$


\begin {equation}\label {eq:s_c} s_c = \begin {cases} \displaystyle \sqrt {\frac {\pi G_c}{3k \delta }} & \text {for 2D},\\[6pt] \displaystyle \sqrt {\frac {5 G_c}{9k \delta }} & \text {for 3D}, \end {cases}\end {equation}


$k$


$\nu = 0.25$


$\nu = 1/3$


$\mathbf \Omega $


$N_{x}$


\begin {equation}\bar {\mathbf W}_{i}=\frac {1}{V_i} \int _{\mathbf \Omega _{i}} \mathbf W(t,\mathbf x) d\mathbf x. \label {Xeqn19-19}\end {equation}


$\bar {\mathbf W}$


\begin {equation}\begin {aligned} \frac {\partial \bar {\mathbf W}_{i}}{\partial t} &= -\frac {1}{V_{i}} \oint _{\partial \mathbf \Omega _i} \mathbf F^W \cdot d\mathbf S = -\frac {1}{V_{i}} \sum _{k=1}^{N_f} \mathbf F_{k}^W \cdot \Delta \mathbf S_k, \end {aligned} \label {eq:fvm macro}\end {equation}


$\mathbf F^W$


$\mathbf S=\mathbf n \Delta S$


$N_f$


$(x_{i+1/2},y_j)$


\begin {equation}\begin {aligned}f(x_{i+1/2},y_{j},t,u,v,\zeta )&=\frac {1}{\tau }\int _{0}^{t}g(x^{\prime },y^{\prime },t^{\prime },u,v,\zeta )e^{-(t-t^{\prime })/\tau }dt^{\prime }\\&+e^{-t/\tau }f_{0}(x_{i+1/2}-ut,y_{j}-vt),\end {aligned} \label {Xeqn21-21}\end {equation}


$x'=x_{i+1/2}-u(t-t')$


$y'=y_{j}-v(t-t')$


$f_0$


$(t=0)$


$g$


$f_0$


$x_{i + 1/2}=0$


$y_j = 0$


\begin {equation}f_0=\left \{\begin {aligned}&g^l\left (1+a^lx+b^ly-\tau (a^lu+b^lv+A^l)\right ), \ x\leq 0 \\ &g^r\left (1+a^rx+b^ry-\tau (a^ru+b^rv+A^r)\right ), \ x>0\end {aligned}\right . \label {eq:flux f}\end {equation}


$g^l$


$g^r$


$\{a^l,a^r\}$


$\{b^l,b^r\}$


\begin {equation}g=g_0(1+(1-H(x))\bar a^l x+H(x)\bar a^r x + \bar b y + \bar A t), \label {eq:flux g}\end {equation}


$g_0$


$\{\bar a^l,\bar a^r\}$


$\bar b$


$g$


$H(x)$


\begin {equation}H(x) = \begin {cases} 0, & \text {if } x < 0, \\ 1, & \text {if } x \geq 0. \end {cases} \label {Xeqn24-24}\end {equation}


$f$


$g$


\begin {equation}\int f a\psi d\Xi =\partial _x \mathbf W, \ \int f b\psi d\Xi =\partial _y \mathbf W, \label {Xeqn25-25}\end {equation}


\begin {equation}\begin {aligned} f(x_{i+\frac {1}{2}}, y_j, t, u, v, \xi ) = & \ (1 - e^{-t/\tau }) g_0 \\ & + \left [ \tau (-1 + e^{-t/\tau }) + t e^{-t/\tau } \right ] \left [ \bar {a}^l H(u) + \bar {a}^r (1 - H(u)) \right ] u g_0 \\ & + \tau \left ( \frac {t}{\tau } - 1 + e^{-t/\tau } \right ) \bar {A} g_0 \\ & + e^{-t/\tau } \left [ (1 - u(t + \tau ) \bar {a}^l) H(u) g^l \right .\\&\left .+ (1 - u(t + \tau ) \bar {a}^r) (1 - H(u)) g^r \right ] \\ & + e^{-t/\tau } \left [ -\tau A^l H(u) g^l - \tau A^r (1 - H(u)) g^r \right ]. \end {aligned} \label {eq:distribution_function}\end {equation}


\begin {equation}\begin {pmatrix} F_\rho \\ F_{\rho U} \\ F_{\rho V} \\ F_{\rho E} \end {pmatrix}_{i+\frac {1}{2},j} = \int u \begin {pmatrix} 1 \\ u \\ v \\ \frac {1}{2}(u^2 + v^2 + \zeta ^2) \end {pmatrix} f \left ( x_{i+\frac {1}{2}}, j, t, u, v, \zeta \right ) d\Xi . \label {eq:flux_gks}\end {equation}


\begin {equation}\label {new4} \rho _s(\mathbf {x}_i) \ddot {\mathbf {u}}(t,\mathbf {x}_i) = \sum _{j=1}^{N_i} [\mathbf {f}_{i,j}(\mathbf {u}_j - \mathbf {u}_i, \mathbf {x}_j - \mathbf {x}_i) \beta _{i,j}\nu _{i,j} V_j] + \mathbf {b}(t,\mathbf {x}_i),\end {equation}


$N_i$


$\mathbf {x}_i$


$j$


$\mathbf {x}_j$


$\mathbf {x}_i$


$V_j$


$\mathbf {x}_j$


$\mathbf {x}_i$


$V_j = (\Delta x_s)^3$


$\Delta x_s$


$\nu _{i,j}$


$\beta _{i,j}$


$\mathbf {x}_j$


$\mathbf {x}_i$


$\mathbf {f}_{i,j}$


\begin {equation}\label {new5} \begin {aligned} \mathbf {f}_{i,j}(\mathbf {u}_j - \mathbf {u}_i, \mathbf {x}_j - \mathbf {x}_i) &= cs\lambda _s \frac {\mathbf {\xi }_{ij} + \mathbf {\eta }_{ij}}{\left | \mathbf {\xi }_{ij} + \mathbf {\eta }_{ij} \right |} \\ &= c\lambda _s \frac {\left | \mathbf {\xi }_{ij} + \mathbf {\eta }_{ij} \right | - \left | \mathbf {\xi }_{ij} \right |}{\left | \mathbf {\xi }_{ij} \right |} \frac {\mathbf {\xi }_{ij} + \mathbf {\eta }_{ij}}{\left | \mathbf {\xi }_{ij} + \mathbf {\eta }_{ij} \right |} \\ &= c\lambda _s \frac {\left | \mathbf {y}_j - \mathbf {y}_i \right | - \left | \mathbf {x}_j - \mathbf {x}_i \right |}{\left | \mathbf {x}_j - \mathbf {x}_i \right |} \frac {\mathbf {y}_j - \mathbf {y}_i}{\left | \mathbf {y}_j - \mathbf {y}_i \right |}. \end {aligned}\end {equation}


\begin {equation}\begin {aligned} &\ddot {\mathbf {u}}_i^{(n)} = \frac {\mathbf {f}_{i,j}^{(n)} + \mathbf {b}^{(n)}(\mathbf {x}_i,n \Delta t)}{\rho (\mathbf {x}_i)}, \\ &\dot {\mathbf {u}}_i^{(n+1)} = \dot {\mathbf {u}}_i^{(n)} + \ddot {\mathbf {u}}_i^{(n)} \Delta t, \\ &\mathbf {u}_i^{(n+1)} = \mathbf {u}_i^{(n)} + \dot {\mathbf {u}}_i^{(n+1)} \Delta t. \end {aligned} \label {Xeqn30-30}\end {equation}


\begin {equation}{\bf {x}}_{\rm {IP}} = {\bf {x}}_{\rm {GC}} + 2d {\bf {n}}_{\rm {s}}, \quad {\bf {x}}_{\rm {BI}} = \frac {{\bf {x}}_{\rm {IP}} + {\bf {x}}_{\rm {GC}}}{2}, \label {eq:node_relationships}\end {equation}


${\bf {x}}_{\rm {GC}}$


${\bf {x}}_{\rm {IP}}$


${\bf {x}}_{\rm {BI}}$


$d$


${\bf {n}}_{\rm {s}}$


\begin {equation}\phi _{\mathrm {BI}} = \frac {\left ( x_{\mathrm {BI}} - x_2 \right )\left ( y_{\mathrm {BI}} - y_2 \right )}{\left ( x_1 - x_2 \right )\left ( y_1 - y_2 \right )}\phi _1 + \frac {\left ( x_1 - x_{\mathrm {BI}} \right )\left ( y_1 - y_{\mathrm {BI}} \right )}{\left ( x_1 - x_2 \right )\left ( y_1 - y_2 \right )}\phi _2, \label {eq:bi_interpolation}\end {equation}


$(x_1, y_1)$


$(x_2, y_2)$


$\phi $


$\phi $


\begin {equation}\phi = w_1 + w_2 x_{\text {IP}} + w_3 y_{\text {IP}} + w_4 x_{\text {IP}} y_{\text {IP}}, \label {eq:ip interpolation}\end {equation}


$w_i \ (i = 1, 2, 3, 4)$


\begin {equation}\label {eq17} \begin {bmatrix} w_1 \\ w_2 \\ w_3 \\ w_4 \end {bmatrix} = \begin {bmatrix} 1 & x_1 & y_1 & x_1 y_1 \\ 1 & x_2 & y_2 & x_2 y_2 \\ 1 & x_3 & y_3 & x_3 y_3 \\ 1 & x_4 & y_4 & x_4 y_4 \end {bmatrix}^{-1} \begin {bmatrix} \phi _1 \\ \phi _2 \\ \phi _3 \\ \phi _4 \end {bmatrix},\end {equation}


\begin {equation}\label {eq21} \begin {bmatrix} w_1 \\ w_2 \\ w_3 \\ w_4 \end {bmatrix} = \begin {bmatrix} 1 & x_1 & y_1 & x_1 y_1 \\ 1 & x_2 & y_2 & x_2 y_2 \\ 0 & n_{x1,{\rm BI1}} & n_{y1,{\rm BI1}} & x_{\rm BI1} n_{y,{\rm BI1}} + y_{\rm BI1} n_{x1,{\rm BI1}} \\ 0 & n_{x2,{\rm BI2}} & n_{y2,{\rm BI2}} & x_{\rm BI2} n_{y,{\rm BI2}} + y_{\rm BI2} n_{x2,{\rm BI2}} \end {bmatrix}^{-1} \begin {bmatrix} \phi _1 \\ \phi _2 \\ g_1 \\ g_2 \end {bmatrix}.\end {equation}


$w_i$


$\{x_{i}, y_{i}\}_{i = 1, 2, 3, 4}$


$w_i$


\begin {equation}\begin {bmatrix} w_1 \\ w_2 \\ w_3 \\ w_4 \end {bmatrix} = \begin {bmatrix} 1 & x_1 & y_1 & x_1 y_1 \\ 1 & x_2 & y_2 & x_2 y_2 \\ 1 & x_3 & y_3 & x_3 y_3 \\ 1 & x_{\text {BI}} & y_{\text {BI}} & x_{\text {BI}} y_{\text {BI}} \end {bmatrix}^{-1} \begin {bmatrix} \phi _1 \\ \phi _2 \\ \phi _3 \\ \phi _{\text {BI}} \end {bmatrix}, \label {Xeqn35-35}\end {equation}


$(x_{\text {BI}}, y_{\text {BI}})$


$\phi _{\text {BI}}$


$\hat {\mathbf n} \cdot \nabla \phi = h$


$w_i$


$i = 1, 2, 3, 4$


\begin {equation}\begin {bmatrix} w_1 \\ w_2 \\ w_3 \\ w_4 \end {bmatrix} = \begin {bmatrix} 1 & x_1 & y_1 & x_1 y_1 \\ 1 & x_2 & y_2 & x_2 y_2 \\ 1 & x_3 & y_3 & x_3 y_3 \\ 0 & n_{x,{\rm BI}} & n_{y,{\rm BI}} & x_{\rm BI} n_{y,{\rm BI}} + y_{\rm BI} n_{x,{\rm BI}} \end {bmatrix}^{-1} \begin {bmatrix} \phi _1 \\ \phi _2 \\ \phi _3 \\ h \end {bmatrix}, \label {Xeqn36-36}\end {equation}


$\hat {\mathbf n} = (n_{x,{\rm BI}}, n_{y,{\rm BI}})$


$n_{x,{\rm BI}}$


$n_{y,{\rm BI}}$


$x$


$y$


$w_i$


\begin {equation}\begin {bmatrix} w_1 \\ w_2 \\ w_3 \\ w_4 \end {bmatrix} = \begin {bmatrix} 1 & x_1 & y_1 & x_1 y_1 \\ 1 & x_2 & y_2 & x_2 y_2 \\ 1 & x_{\text {BI1}} & y_{\text {BI1}} & x_{\text {BI1}} y_{\text {BI1}} \\ 1 & x_{\text {BI2}} & y_{\text {BI2}} & x_{\text {BI2}} y_{\text {BI2}} \end {bmatrix}^{-1} \begin {bmatrix} \phi _1 \\ \phi _2 \\ \phi _{\text {BI1}} \\ \phi _{\text {BI2}} \end {bmatrix}, \label {Xeqn37-37}\end {equation}


$(x_{\text {BI1}}, y_{\text {BI1}})$


$(x_{\text {BI2}}, y_{\text {BI2}})$


$\phi _{\text {BI1}}$


$\phi _{\text {BI2}}$


$g_1$


$g_2$


$w_i$


$\phi $


\begin {equation}\phi _{\mathrm {GC}} = 2\phi _{\mathrm {BI}} - \phi _{\mathrm {IP}}. \label {eq:mirror_relation}\end {equation}


$p$


$p_{\mathrm {GC}} = p_{\mathrm {BI}}$


\begin {equation}\rho _{\mathrm {GC}} = \frac {p_{\mathrm {GC}}}{R T_{\mathrm {GC}}}, \label {Xeqn40-40}\end {equation}


$R$


$A$


$A$


\begin {equation}\mathbf {x}_{A} = \mathbf {x}_{\mathrm {BM}_i} + l\, \mathbf {n}_s, \label {Xeqn41-41}\end {equation}


$\mathbf {x}_{\mathrm {BM}_i}$


$i$


$\mathbf {n}$


$\mathrm {BM}_{i-1}$


$\mathrm {BM}_i$


$l$


\begin {equation}l > \frac {\sqrt {2}}{2}\Delta x_s. \label {Xeqn42-42}\end {equation}


$l = 0.8\Delta x_s$


$A$


$\mathrm {BM}_i$


\begin {equation}p_{\mathrm {BM}_i} = p_A. \label {Xeqn43-43}\end {equation}


\begin {equation}\mathbf {b}=-\frac {1}{\Delta x_s}p\mathbf {n}_s, \label {Xeqn44-44}\end {equation}


$\Delta x_s$


$\Delta t$


\begin {equation}\Delta t = \min (\Delta t_{\text {f}}, \Delta t_{\text {s}}), \label {eq:timestep_limit}\end {equation}


${\bf {x}}_{\rm {BI}}$


${\bf {x}}_{\rm {true}}$


\begin {equation}|{\bf {x}}_{\rm {BI}}-{\bf {x}}_{\rm {true}}| \approx R - \sqrt {R^2 - \left (\frac {\Delta s}{2}\right )^2} \approx \frac {\Delta s^2}{8R}, \label {Xeqn46-46}\end {equation}


$R$


$\Delta s$


$\Delta s$


$\Delta x_s$


$\Delta s \approx \Delta x_s$


\begin {equation}\label {eq:geo_error} |{\bf {x}}_{\rm {BI}}-{\bf {x}}_{\rm {true}}| \approx \frac {\Delta s^2}{8R} \approx \frac {\Delta x_s^2}{8R} = O\left ( \frac {\Delta x_s^2}{R}\right ).\end {equation}


$R \gg \Delta x_s$


$O(\Delta x_s^2)$


$R \sim O(\Delta x_s)$


$O(\Delta x_s)$


$O(\Delta x_f^2)$


$O(\Delta x_s^2)$


$O(\Delta x_s)$


$\Omega _f = [-4.0, 4.0] \times [-4.0, 4.0]$


$1600 \times 1600$


$2.56 \times 10^6$


$1.3 \times 10^5$


$\delta = 0.02$


$\Delta t = 8.6 \times 10^{-7}$


$N \in \{1, 2, 4, 8, 16, 32\}$


$2.56 \times 10^6$


$1.3 \times 10^5$


$N=16$


$\times $


$\alpha = 0^\circ $


$\mathrm {Ma} = 0.5$


$\mathrm {Re} = 5000$


$(-10D, 20D) \times (-10D, 10D)$


$\Delta x_f = \Delta y_f = D/512$


$\Delta x_f = \Delta y_f = D/2$


$C_p$


$x/c$


$c$


$C_p$


$\mathrm {Ma} = 2.0$


$\mathrm {Re} = 300$


$D$


$\times $


$D$


$D$


$D$


$\Delta x_f = \Delta y_f = D/512$


$\Delta x_f = \Delta y_f = D/2$


$C_p$


$C_p$


$C_D$


$L = 50 \, \mathrm {mm}$


$W = 50 \, \mathrm {mm}$


$D = 10 \, \mathrm {mm}$


$E$


$^3$


$500 \times 500$


$\Delta x_s = 0.02 \, \mathrm {mm}$


$\delta = 3.015\Delta x_s$


$u_y = \pm 20 \, \mathrm {m/s}$


$R_c$


$500 \times 3$


$\Delta t = 1.3367 \times 10^{-8} \, \mathrm {s}$


$s_c$


$\mu s$


$s_c = 1.0$


$E$


$^3$


$(0, 6L) \times (0, 1.3L)$


$x$


$\Delta x_f = 0.002L$


$\Delta x_f = 0.02L$


$y$


$y$


$\Delta y_f = 0.02L$


$4 \times 200$


$\Delta x_s = 0.005L$


$\delta = 3.015\Delta x_s$
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Table 1
Nomenclature.
FSI fluid-structure interaction
GKS gas-kinetic scheme
BBPD bond-based Peridynamics
1, X time and space variables
v, ¢ particle velocity and internal energy variables
f particle distribution function
Q collision operator in the kinetic equation
g Maxwellian equilibrium distribution function
T relaxation time
pV, T, A primitive flow variables
P, q stress tensor and heat flux
W collision invariants
w conservative flow variables
Py solid density
u displacement
3 horizon radius
f force density vector
b body density vector
&n relative position and displacement vectors
w micropotential
s bond stretch
c micromodule function
W cell-averaged conservative variables
v numerical fluxes for conservative variables
AS area vector of cell faces
20> fo initial equilibrium and non-equilibrium distributions in GKS
a, b, A normal, tangential, and temporal derivatives in GKS
v, B volume and surface effect correction factors
GC ghost cell
IBM immersed boundary method
P imaginary point
BI boundary intersection

outward unit normal vector at boundary

Peridynamics (PD), a non-local theory of continuum mechanics pro-
posed by Silling [31], offers a paradigm shift for fracture modeling. By
replacing the spatial derivatives in PDEs with integral equations, PD cir-
cumvents the issue of undefined derivatives at discontinuities. It mod-
els material behavior through non-local interactions between material
points, allowing damage and fracture to emerge spontaneously as part
of the solution process without requiring external crack tracking algo-
rithms. Silling et al. [32], Zhang et al. [33], Oterkus et al. [34], Madenci
and Oterkus[35], Zhang et al.[36] Over the past two decades, PD
has proven robust in capturing complex failure modes, including crack
branching and fragmentation [37-44].

Recognizing the potential of Peridynamics in handling structural dis-
continuities, researchers have explored its integration with various fluid
solvers. Continuum-based solvers, such as Isogeometric Analysis (IGA)
[45,46], have been employed to model blast or aerodynamic loading.
Furthermore, the direct-forcing IBM has been utilized to study mate-
rial failure under prescribed flow fields [47]. Distinct from these ap-
proaches, due to the shared mesoscopic characteristics, Lattice Boltz-
mann Methods (LBM) have been frequently coupled with PD to sim-
ulate fluid-driven deformation in incompressible regimes [48]. How-
ever, notwithstanding this methodological diversity, a unifying limita-
tion characterizes the current state of the art: these studies predomi-
nantly focus on incompressible or weakly compressible flows, or rely
on simplified one-way coupling mechanisms. As the flow enters the
high-speed compressible regime, the distinct wave propagation charac-
teristics (e.g., shock-structure interference) and the strict conservation
requirements pose new challenges that previous incompressible frame-
works cannot adequately address.

This work aims to bridge this gap by establishing a novel, closely
coupled framework tailored for compressible flow-induced fracture. Dis-
tinguished from traditional macroscopic continuum solvers, we adopt a
mesoscopic perspective for both fluid and solid phases. For the fluid, we
employ the Gas-Kinetic Scheme (GKS) [49-51], a robust Navier-Stokes
solver based on the Boltzmann equation, which excels in capturing sharp
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shock discontinuities and viscous stresses. For the solid, the bond-based
Peridynamics describes the material response and failure. The coupling
is achieved via a ghost-cell immersed boundary method, ensuring accu-
rate exchange of momentum and energy across the moving, potentially
fracturing interface. By unifying the kinetic description of fluids and
the particle-based description of solids, this hybrid algorithm provides
a high-fidelity tool for analyzing the catastrophic interaction between
shock waves and fracturing structures.

The rest of the paper is structured as follows. Section 2 briefly intro-
duces basic theories of compressible fluids and fracturing materials. Sec-
tion 3 presents the formulation of the solution algorithm and its detailed
implementations. Section 5 includes numerical experiments to demon-
strate the performance of the current method. The last section presents
concluding remarks. The nomenclature is presented in Table 1.

2. Theory of fluids and solids
2.1. Gas kinetic theory

Gas kinetic theory provides an insightful perspective for understand-
ing non-equilibrium fluid transport and designing numerical schemes
that are compatible with entropy-increasing processes. The Boltzmann
equation and its simplified models describe the evolution of a many-
particle system statistically based on the single-particle distribution
function. The Boltzmann-BGK model [52] takes the form
of +v-Vus = =421, &
where f(t,x,v,¢) is the particle distribution function with respect to
time, space, velocity, and internal energy modes. The collision operator
is denoted by Q, where 7 is the collision time and g is the Maxwellian
that corresponds to thermodynamic equilibrium state, i.e.

N+3

e=0(2) 7 ewl-a(@-v2+E), @

where p is the density, N is the number of internal degrees of freedom, V
is the macroscopic velocity, and A = m/2kT, with m being the molecular
mass, k the Boltzmann constant, and 7 the temperature. The degrees
of freedom of internal energy takes (5 —3y)/(y — 1) + 1, where y is the
adiabatic index. The internal variable in the equilibrium is thus given by
¢* =¢2+ - + 3. Note that the BGK model provides the fixed Prandtl
number Pr = 1. This deficiency can be ameliorated by correcting the
equilibrium distribution in Eq. (1), e.g., the Shakhov [53] and ES-BGK
models [54].

The conservative variables can be derived by taking the moments of
the distribution function over the velocity space, i.e.,

P
w=|ov =/wfd3, ®)
pE

where E denotes the total energy density, y is the vector of collision
invariants,

T
v=(Lvi?+)) @
and dE = dvd¢.

It is known that the Euler and Navier-Stokes equations can be derived

as the limits of solutions of the Boltzmann equation. Considering the
first-order Chapman-Enskog expansion of f, i.e.,

f=g+fi=g—1(0,g+V-Vyg), %)

we can take conservative moments of the BGK equation, which yields

/W(a,g+v-ng)dE=r/y/(d,f] +v-V,.f1)dE, (6)
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from which the Navier-Stokes equations can be obtained, i.e.,

P
LV (V) =0,

opV

%+VX-(/JV®V)—VX~P=O, @)
OpE

%+Vx-(pEV)—Vx~(P~V)+Vx~q:0,

where ® denotes dyadic product. The stress tensor and heat flux are
defined as

P=/(V—V)®(V—V)de, Q=/ %(V—V)(V—V)zfdv- (8)
R3 R3

Inserting Eq. (5) into the above equation gives the Newton’s stress for-
mula and Fourier’s law, which naturally recovers the Navier-Stokes
equations.

In the context of viscosity-dominated flows, the collision time 7 is
linked to the dynamic viscosity u through the relation z = u/p. Con-
versely, for heat-conduction-dominated flows, the collision time is se-
lected as 7 = k/c,p to recover the heat conduction coefficient .

The Chapman-Enskog expansion provides a comprehensive and con-
sistent description of equilibrium (inviscid Euler) and non-equilibrium
(viscous) effects in the Navier-Stokes equations. No artificial assump-
tions other than the truncation order are made. A family of gas-kinetic
schemes (GKS) [55-57] have been developed based on the evolution-
ary Chapman-Enskog solution within the framework of BGK equation.
In this work, the GKS solver is employed to solve the evolution of com-
pressible flows, see Section 3.1 for details.

2.2. Peridynamic theory

Peridynamics is explicitly formulated based on Newton’s second law
of motion. The governing equation of bond-based Peridynamic (BBPD)
can be written as

P (X, X) = / f(u' —u,x’ —x)dV’ +b(t,x), ()
HX

where p,(x) denotes the mass density of solid at the position x. The dis-
placement is denoted as u, and thus ii is the acceleration vector field.
The force density vector between the particles f is a function of the rela-
tive position x’ — x and the relative displacement u’ — u. The body force
density vector is denoted as b. The interactions between particles are
modeled through integrals over the domain of influence. The integral
domain (also known as horizon) is defined,

H,={xeR:|x-x|<é}, 10)

where 6 is the radius of horizon. The volume occupied by the particle
at x’ is denoted as V'. After the configuration deformation, we denote
the new positions of the particles as y’ and y, where y’ =x’ + u’ and
y = x +u. We introduce & and n to represent the relative position and
displacement vectors between the particles x and x’, where & = x’ —x
and n =u’ —u. As shown in Fig. 1, ¢ denotes the reference bond be-
tween two particles in the initial configuration. The deformed bond in
the deformed configuration is represented by the vector sum & + 0.

For a microelastic material [31], a pairwise potential w can be mod-
eled such that

do(n,
fn.o= 2208 ey an
o
Under simple linear microelasticity, the micropotential is defined as
2
o8 = &L (12)

where ¢ represents the micromodule function, and s represents the bond
stretch, i.e.,

_ g+l =lel
§= =

13
el 12
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Q

Horizon

Initial configuration

Deformed configuration

Fig. 1. Illustration of BBPD and pairwise interaction between PD points. The
horizon of the particle at the position x encompasses all the PD particles inter-
acting with it, and remains unchanged throughout deformation.

Therefore, the corresponding pairwise force f becomes

do(n, 9 +
tn.8) = 2208 _ g 08 = gy EXN as)
an on 1€ + nll
Here, the micromodule function ¢ takes usually the constant form as
2E , for1D,
n62A
oL ,  for plane stress,
z83h

c= (15)

48E .
, for plane strain,
5763h
E, for 3D.
o4

It should be noted that although the GKS solver naturally accounts
for the total energy evolution in the fluid domain, the PD formulation
in Eq. (9) is treated as purely mechanical. This approximation is justi-
fied by significant disparity between the characteristic speeds of stress
wave propagation and thermal diffusion. In this study, the structural re-
sponse is driven by stress waves traveling at the longitudinal wave speed
cp = \/E_/p Concurrently, the thermal influence propagates at a diffu-
sion speed, where the heat penetration depth over a characteristic time
t is estimated as 6; ~ \/E. For the millisecond-scale events investigated
here, the ratio of the thermal affected zone to the mechanical deforma-
tion zone is infinitesimal, i.e., 6; < ¢; t. Consequently, the thermal gra-
dients remain confined to a thin skin layer near the fluid-solid interface,
and their coupling effect on the global stress field and crack trajectory is
secondary. Thus, the mechanical response can be accurately decoupled
from the thermal conduction process.

Failure of functional materials can be naturally formulated in the
BBPD since it allows a bond to break when its stretch exceeds a pre-
defined threshold. The tensile force in the bond is no longer sustained
after the failure. Therefore, we modify the bond force density as

§+m
E+nll’
Here, A, is a history-dependent scalar valued function that describes the
state of bond failure. When the bond stretch s exceeds the critical bond
stretch s,, the bond state are set to zero, i.e.,

1.0, ifs<s,,
}»S:{ ifs<s, a7

0.0, ifs>s,.

f=Acs (16)

The critical bond stretch s, can be determined by the material’s critical
energy release rate G, [58], i.e.,

G
Zkg for 2D,
S = (18)
56,
f D
oks  Lor3D.
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where k is the bulk modulus of the material.

Despite its advantages in handling discontinuities, the BBPD is
mathematically constrained by a fixed Poisson’s ratio. Specifically, for
isotropic materials, the BBPD is limited to v = 0.25 in three-dimensional
cases and v = 1/3 for two-dimensional plane stress conditions. This in-
trinsic restriction limits its applicability to a broader range of engineer-
ing materials.

3. Solution algorithm
3.1. Gas-kinetic scheme
The gas-kinetic scheme is a finite volume method. The computational

domain Q is divided into N, non-overlapping elements, and the cell-
averaged conservative variables are introduced as

W, = 1 / W(t, x)dx. 19
Vi Jo,

Integrating Eq. (7) yields the update algorithm of W, i.e.,

- N

oW, 4

Wi =_l}z{ FY .ds=—1 3 FV . a8, (20
ot Vi 0%, Vi k=1

where F¥ denotes the numerical fluxes, S = nAS is the area vector
pointing out of the cell, and N, is the number of faces.

The core task in the finite volume method is to accurately com-
pute the numerical fluxes. For brevity, we employ the two-dimensional
Cartesian coordinate system to introduce the principle of gas-kinetic flux
solver. It can be straightforwardly extended to non-orthogonal mesh us-
ing local coordinate transformation.

Under the assumption that the collision time is a local constant, the
integral solution of the BGK equation in Eq. (1) at a cell face (x;,, /2:97)
writes

1 ! ' —(t—t' ’
FKip1/2, 9,1, u,0,8) = —/ g,y 0, e dy
i+1/2>Yj 7 Jo (21)

+ e_'/’fo(x,-“/z —ut,y; —vt),

where x/ = Xig1/p — ult = ), y = yj— ot - t') are the particle trajecto-
ries, f is the initial distribution function at the beginning of each time
step (t = 0). Two unknowns g and f, are constructed to concretize the
above equation and construct the numerical fluxes. We assume, without
loss of generality, that x;,,/,, =0 and y; = 0 to simplify the notation.

The initial distribution function is constructed following the piece-
wise Chapman-Enskog expansion, i.e.,

i gl(l+a1x+b’y—r(a1u+blU+A1)), x<0 22)
"7 g +dx+by—t@u+bv+ A, x>0

where g/ and g’ are the Maxwellian distributions related to the left and
right-hand states around a face, while {d/,a"} and {#', b’} are related to
the slopes in the normal and tangential directions. The explicit forms of
these derivatives can be found in [55].

The equilibrium state is constructed as

g =gyl + (1 - H(x)a'x + H(x)a x + by + Ap), (23)

where g, is the initial Maxwellian distribution at the face, while {&',a"}
and b are connected with the normal and tangential slopes of g. The
H (x) is the heaviside step function,

0, ifx<O
H(x) = ’ ’ 24)
@) {1, if x > 0.

In both f and g, the slopes are related to the gradients of macroscopic
variables via

/ fapd= = o, W, / fbydE =0,W, (25)
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and can then be determined by solving a linear system. Substituting
Egs. (22) and (23) yields the time dependent solution at the face,

f(x,.+%,yj,l,u, 0,6 =(1-e/7)g,
+[r(=1+ e/ 177 [@ Hw) + @ (1 = H(w)]ugy
+T<£ -1 +e"/1)Ag0
+e /T [(1 —u(t + 1)ad)H(wg'
+(1 —u@t +0)a)(1 — Hwu)g']
+et/7 [—TA’H(u)g’ — AT - H(u))g'"].

(26)
The numerical fluxes can thus be computed by
F, 1
25 = [ u Z f<xi+%,j,t, u, u,C)dE. 27)
F,r i+%,j %(uz +02+¢?)

3.2. Peridynamic solver

In the peridynamic solver, the solid region is discretized into a group
of material points. The integral operator in Eq. (9) is approximated by
the numerical quadrature. The semi-discrete governing equation of the
bond-based peridynamics (BBPD) writes

N;
py(xin(t,x,) = D If (0, —u,x; — X)), v, V1 + b(t.X,), (28)
j=1
where N; is the number of particles within the horizon of the particle
located at x;. The subscript j denotes an arbitrary particle positioned at
x; within the horizon of the particle at x;, and V; is the volume of the
particle at x; within the horizon of the particle at x;. For the simplest
uniform distribution of points, V= (Ax,)’. Here, Ax, represents the par-
ticle spacing. v; ; and f; ; are the correction factors for the volume and
surface effects respectively for the particle at x; within the horizon of
the particle at x;. The explicit forms of these correction factors can be
found in [31].
Based on Eq. (16), the spatially discrete form of the force density
vector of each bond f; ; satisfies

& +my

f;;(u; —u,x; —x;) = csi
& +‘1ij|

N

‘ﬁij +nij‘ - ‘éij) &+
Bl ko
‘y,—yf|—‘xj"‘f‘ Yi i

sl bl

(29)

s

cA

S

The explicit forward and backward difference scheme is employed
as the integrator along the time direction. The dynamic evolution of
displacement, velocity, and acceleration is computed as

(n) () (x.
oo _ T #0000
! p(x;)
a = a® 4l Ar,

)

(30)
af*) —u
3.3. Immersed boundary method

The ghost-cell immersed boundary method (GCIBM) is employed to
couple the evolution of the structure and the flow fluid. The schematic

of the GCIBM method is shown in Fig. 2. The boundary of the solid is
represented by discrete body markers (depicted by purple pentagons)
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Fluid node
Solid node
GC node

® Body marker
BI node

A IPnode
Case 1 Pt -
Case 2

Case 3 B -

<

>

s i N

r~ boundary

.

Fig. 2. Schematic showing the GC-related nodes on the 2D fluid-structure
boundary.

connected by linear segments, which distinguishes the fluid cells (de-
picted by green circles) and the solid cells (depicted by blue squares).
The ghost cells (depicted by orange diamonds) are virtual points within
the solid domain near the fluid-structure interface, facilitating the appli-
cation of boundary conditions. Imaginary point (IP) nodes (depicted by
black triangles) are symmetrically located across the boundary relative
to the GC nodes, while boundary intersection (BI) nodes (depicted by
magenta plus signs) are defined as the midpoints between the GC and
their corresponding IP nodes.

The key to GCIBM lies in calculating the pseudo flow variables in the
GCs, which play a dual role in the simulation. On one hand, they are
integral to flow simulation by enforcing the no-slip and no-penetration
boundary conditions. On the other hand, variables defined at GCs, e.g.,
pressure, are used to compute the forces exerted on the solid boundary,
which in turn serve as boundary conditions for PD, which is crucial for
capturing fluid-structure interactions.

3.3.1. Identification of imaginary points and boundary intersections

The boundary of the solid body is represented by a set of discrete
BMs, which are pre-defined as a subset of the PD nodes located on the
structural surface. The connectivity of these BMs is established in a pre-
scribed counter-clockwise sequence to form a series of line segments. In
each coupling cycle, the positions of the BMs are updated by synchroniz-
ing them with the latest coordinates of their corresponding PD nodes.
For a given GC, the corresponding boundary segment is identified as
the one with the minimum distance to the GC center. Subsequently, the
location of IP and nodes can be determined via
Xpp + XGe

R (31)

X;p = Xgc +2dng, Xpy =

where xgc, Xpp, and xg; are the positions of the GC, IP, and BI nodes,
respectively. Here, d is the distance from the GC to the corresponding
boundary segment, and ng is the outward unit normal vector of that
specific segment, calculated based on the updated BM coordinates.

3.3.2. Calculation of variables at boundary intersections
The BI nodes are typically positioned between boundary nodes (with
possible overlap). The variables at the BI nodes can be computed using
the Lagrange interpolation,
(xBI - x2) (YBI - J/2) (xl - XBI) (Y1 - .VBI)
(x1=x3) (91 = »2) (x1 = x2) (y1 = »2)

where (x;,y;) and (x,, y,) denote the two neighboring boundary nodes.

¢p1 =

d1+ b, (32)

3.3.3. Calculation of variables at imaginary points
The bi-linear interpolation method is used to compute any flow vari-
able ¢ (e.g., pressure, velocity, and temperature) at the IP node. Such
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interpolation technique utilizes the information from the nearest neigh-
boring fluid cells around the IP. The variables ¢ at the IP are expressed
as

¢ =w; + wyxpp + W3yp + WyXpyip, (33)

where w; (i = 1,2,3,4) are the interpolation coefficients, determined by
the following Egs. (34)-(38) based on the indices of the neighboring
fluid nodes.

If all four neighboring nodes are fluid nodes (Case 1 in Fig. 2), the
coefficients w; are determined by:

-1

wy L oxy oy x»n &1

wy[ _ [T xa y» x| |[h (34)
w3 I x3  y3 X303 ¢3 |

Wy L x4 y4 X404 by

where {x;,y,;};-1234 represents the locations of four neighboring fluid
nodes around the IP, respectively.

If one of the four nodes belongs to the solid domain (Case 2 in Fig. 2),
the Bl node replaces the solid node in the interpolation. Given the Dirich-
let fluid-solid boundary condition, the coefficients w; are calculated as

-1

wy I x  »n X1y (ol

wy[_[L x  »  x»n (03 (35)
w; L x5 y3 x3)3 #3 |

Wy 1 Xpg ¥ Xmr ¢p1

where (xg;, yg;) and ¢g; represent the coordinates and interpolated val-
ues at the BI point, respectively. Given the Neumann-type boundary con-
dition, where the flux is specified as i - V¢ = h, the bi-linear interpola-
tion weights w; (i = 1,2,3,4) are computed by:

wy I x Y1 X1y l (o
wy [ _[1 X2 2 X2)2 23 A (36)
w3 1 x3 y3 X3¥3 3
Wy 0 nyBr  Mypr  XBIyBI T YBI/x,BI h

where fi = (n, gy, 1, py) is the unit normal vector at the BI node, and n, g
and n, are its components along the x and y directions.

If two of the four nodes belong to the solid domain (Case 3 in Fig. 2),
the boundary intersection points (BI1 and BI2) replace the two solid
nodes. Under the Dirichlet boundary condition, the interpolation coef-
ficients w; are determined by

-1

wy I x Y1 X1y (o

wy [ _ |1 X2 2 X2)2 ®2 37)
w3 I xgn  ¥Yen  *BuVen dpn |

Wy 1 xpp  YB2  XB2YVBI2 $p12

where (xgp1, Ygi1)> (Xpr2s Yei2)s @pi» and ¢ppo represent the coordinates
and interpolated variables at the two BI points. For the Neumann-type
boundary condition, where the fluxes at BI1 and BI2 are specified as g,
and g,, respectively, the interpolation coefficients are computed by

w 1 Xy 1 X1 (o
wy| _|1 x; ¥ X292 b | (38)
w3 0 ny1,BI1 Ny BI1 Xgr1#y,B11 T YBI11x1,BI1 81
Wy 0 nyopBr  MpBr  XBR!yBR T YBRMk2BR2 &2

The obtained interpolation weights w; are then used to compute the
variables at the IP nodes using Eq. (33).

3.3.4. Calculation of variables in ghost cells

Once the variables at the IP and BI nodes are determined correspond-
ing to the given boundary conditions, the variables in the ghost cells
can be calculated. For an arbitrary variable ¢, governed by the Dirichlet
boundary condition, the variables at GC nodes are calculated as

bce = 2¢p1 — Prp- (39)
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A BM,
@ @ \ 4
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Fig. 3. The solution algorithm of fluid-structure coupling.
For pressure p, which is governed by the Neumann boundary condition,

the status in the GC is given by pgc = pg;. And thus, using the ideal gas
law, the density at the GC nodes is computed as

PGc
— , 40
PGc RTge (40)

where R is the gas constant.

3.3.5. Calculation of Peridynamics’ boundary condition

In order to impose the fluid loading on the solid, the pressure on
the boundary must be evaluated accurately. In this work, the pressure
on each body marker is obtained using a bi-linear interpolation of the
surrounding fluid cells.

As illustrated in Fig. 3, since the pressure satisfies the zero normal
gradient condition at the solid boundary, a point A is selected along
the outward normal direction to evaluate the boundary pressure. The
coordinates of point A are obtained as

X4 =Xy, +1ng, 41)

where xpy,, is the coordinate of the ith body marker, and n is the outward
normal vector, approximated by the outward normal of the segment
connecting BM,_; and BM,;. The distance / should satisfy

V2

2

We choose | = 0.8Ax;.

The pressure at A is then obtained using the bi-linear interpolation
method described in Section 3.3.3. Because the normal pressure gradient
vanishes at the boundary, the pressure at the BM; point is simply

1> Ax,. (42)

PBM; = Pa- (43)

Finally, the pressure is converted into a body-force density vector
acting on the corresponding PD node via

b=———pn, (44)

where Ax represents the PD’s particle spacing. This provides consis-
tent fluid loading for the PD computation under the immersed boundary
method.

The solution algorithm of fluid-structure coupling is summarized in
Fig. 4.
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Fig. 4. The solution algorithm of fluid-structure coupling.

Table 2
Comparison of drag coefficient predicted by the current simula-
tions with the reported data.

Method  Body-conformal [59] IBM [61] Current Simulation
Cp 1.547 1.525 1.556
Table 3
Fluid properties and flow conditions for the simulation.
Material Density Pressure Specific Heat  Velocity
(kg/m?) (kPa) Ratio (m/s)
Stationary air 1.20 101.0 1.4 0
Inflow air 1.63 155.7 1.4 109.6
Table 4

Comparison of drag coefficient for different mesh resolutions.

Cases Ax,=D/100 Ax,=D/200 Ax,=D/400 Experimental result [64]

Cp 1.3792 1.3865 1.3890 1.3962

3.4. Time-step determination

To ensure the numerical stability of the explicit coupling procedure,
a synchronized global time step At is employed for both the fluid and
solid solvers. At each duty cycle, this time step is determined by the
more restrictive of the two stability constraints:

At = min(Atg, Aty), (45)
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Fig. 7. Comparison of the pressure coefficient distribution C, along the airfoil
surface, where the horizontal axis x/c represents the relative horizontal position
along the airfoil, where c is the airfoil chord length, and the vertical axis C,
represents the pressure distribution.

where the first term represents the CFL condition for the GKS fluid
solver, and the second term denotes the stability limit for the explicit
PD integration [32].

3.5. Spatial accuracy analysis

In the present hybrid framework, the overall spatial accuracy of the
GCIBM is determined by two major sources: the geometric approxima-
tion error and the interpolation error.

3.5.1. Geometric approximation error

In the GCIBM, linear segments defined by discrete body markers
(BM) are employed to represent the boundary of the solid. Consequently,
there is a geometric approximation error (often referred to as the sagitta
error) between the discrete boundary intersection (BI), xg;, and the true
physical location, x,,,.. Based on the geometric relationship between the
chord and the arc, this error is derived as:

2 2
As) _ As (46)

|XBI_Xtrue|zR_ RZ_(T ~8_R’

where R is the local curvature radius of the boundary and As represents
the spacing of BMs. As described in Section 3.3.1, these BMs are pre-
defined as a subset of the PD nodes located on the structural surface,
which ensures that the marker spacing As is inherently coupled to the
particle spacing Ax; (i.e., As ~ Ax,). Therefore, the geometric approxi-
mation error can be expressed as:

2 2
As? Axs Axs

— ~22 35 -0 .
IXg1 = Xirue| 8R ~ 8R R

Since the curvature radius typically satisfies R > Ax, in smooth regions,
the geometric error scales as O(sz). However, when R ~ O(Ax,), such
as in sharp corners or highly curved regions, the local geometric error
degrades to O(Ax;).

47)

3.5.2. Interpolation error

The interpolation accuracy depends on the reconstruction schemes
for the IP (Imaginary Point) and the BI nodes, as well as the accuracy of
the underlying flow and structure fields.

For the IP node, bi-linear interpolation is adopted, which inherently
provides second-order spatial accuracy. Since the GKS solver itself is
second-order accurate in space, the interpolation error of flow variables
at the IP node remains consistent at O(Axf,).
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Fig. 9. Comparison of the pressure coefficient distribution C, along the cylinder
surface between the results from the current model and those from the litera-
ture. In this figure, the horizontal axis (y-6D)/D represents the relative vertical
position along the cylinder, where D is the diameter of the cylinder, and the
vertical axis C, represents the pressure distribution.

For the BI node, the interpolation accuracy is determined by the PD
field near the solid boundary. In regions where the deformation is con-
tinuous, the displacement and velocity fields are smoothly distributed.
Consequently, the truncation error of BI variables reconstructed from
the surrounding material nodes is on the order of O(Axf). However, if a
discontinuity (e.g., a fracture) is present near the boundary, the stencil
may cross the jump in properties, increasing the error to O(Ax,). Thus,
the BI interpolation becomes first-order accurate in these areas.

Based on the mirror relation Eq. (39), the overall ghost-cell accu-
racy follows the lower order of the IP and BI accuracies. Therefore, in
continuous boundary regions, the ghost-cell reconstruction maintains
second-order spatial accuracy, while in discontinuous regions, the accu-
racy reduces to first order.

Fig. 10. Schematic of the plate with a pre-existing crack.

Combining the geometric approximation and interpolation analyses,
it can be concluded that the present hybrid framework achieves second-
order spatial accuracy in regions where the boundary is smooth and
continuous. However, in discontinuous or high-curvature regions, the
effective spatial accuracy degrades to the first order.

4. Performance analysis

To evaluate the computational efficiency and scalability of the pro-
posed parallel FSI framework, a strong scaling test was conducted using
the cylinder flow benchmark. The fluid domain is defined as a square re-
gion Q; = [-4.0,4.0] X [-4.0,4.0] m, discretized by a uniform Cartesian
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Fig. 13. Schematic of the shock tube experiment.

grid of 1600 x 1600 cells (Total fluid nodes: 2.56 x 10°). The solid cylin-
der is discretized into approximately 1.3 x 10° Lagrangian elements. The
radius of horizon in PD is set to § = 0.02, and the system time step is fixed
at Ar=8.6x107"s.

The parallelization of the proposed framework is implemented using
the native multi-threading capabilities of the Julia language. Specifi-
cally, the @threads macro is employed to distribute computationally
intensive tasks—such as the flux evaluation in the GKS module and the
bond force integration in the PD module—across multiple CPU cores.

Computer Physics Communications 328 (2026) 110321

This shared-memory parallelization approach achieves efficient data ac-
cess and minimal communication overhead.

Benchmarks were performed on an AMD EPYC 7763 64-Core Pro-
cessor. The performance was measured by varying the thread count
N €{1,2,4,8,16,32}. The wall-clock time was averaged over the last
10 steps to ensure statistical stability.

The runtime breakdown and parallel speedup are presented in Fig. 5.
The results indicate distinct scaling behaviors arising from the algorith-
mic nature of each module:

e Scalability of Solid and Coupling modules: Both the Peridynam-
ics (PD) solver and the GCIBM coupling module exhibit excellent
parallel efficiency (Fig. 5(b)). The particle-based nature of PD al-
lows independent force calculations, ensuring effective load balanc-
ing. Similarly, the GCIBM module scales well due to the parallelized
identification of ghost cells and flow reconstruction. This ensures
that the dynamic boundary treatment does not penalize the overall
simulation speed.

e Saturation of GKS Fluid Solver: In contrast, the GKS module shows
limited scalability. Although the runtime decreases initially, the
speedup factor plateaus at approximately 4.0, regardless of further
increases in thread count. Consequently, the fluid solver remains the
dominant contributor to the total computational cost at high parallel
configurations.

The saturation of the total speedup is largely dictated by the per-
formance characteristics of the GKS fluid solver. Two primary factors
contribute to this limited scaling: (1) Memory Bandwidth Constraints:
Unlike standard macroscopic solvers, the reconstruction of distribution
functions at cell interfaces in GKS creates a memory-bound process that
prevents ideal scaling on shared-memory architectures. As the number
of threads increases, the memory bandwidth saturates, limiting the data
throughput required for flux calculations; (2) Complex Stencil Oper-
ations: The multi-dimensional reconstruction and flux splitting in GKS
involve complex data dependencies and logic that are less amenable to
linear scaling compared to the explicit loops in the PD solver.

Despite the saturation of the fluid solver, the parallel implementation
still offers a meaningful performance gain. For typical configurations
(e.g., N = 16), the proposed method reduces the wall-clock time per
step from 196.1 s to 54.6 s, achieving a 3.84x speedup. The reduction in
wall-clock time confirms that the parallelization of the computationally
intensive solid and coupling parts effectively accelerates the overall FSI
simulation.

5. Numerical experiments
5.1. Validation of compressible flow solver

We first validate the gas-kinetic compressible flow solver along with
the immersed boundary method. Two benchmark cases are employed
as numerical experiments, i.e., the laminar flow around a NACA0012
airfoil and the supersonic flow around a circular cylinder.

5.1.1. Subsonic flow around a NACA0012 airfoil

The NACAO0012 airfoil is considered at a zero angle of attack (« =
0°), with the freestream Mach number Ma = 0.5 and the Reynolds
number Re =5000. The computational domain spans (—10D,20D) X
(—10D, 10D), with the leading edge of the airfoil located at the origin.

A non-uniform Cartesian grid is employed. A fine grid (Ax, = Ay, =
D/512) is used near the airfoil, while a coarser grid (Ax r=Ay;=D/2)
is applied in more distant areas. At the far-field boundaries, the left
boundary is specified with freestream conditions, while the top, bottom,
and right boundaries are treated with the zero-gradient extrapolation
condition to allow waves to pass through without significant reflection.
On the airfoil surface, a no-slip wall boundary condition is applied using
GCIBM.
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Fig. 16. Variation in the horizontal displacement of the panel end, where the
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Fig. 6 shows the Mach number distribution around the airfoil. Fig. 7
presents the comparison of the pressure coefficient distribution along
the airfoil surface between the current results and those from the liter-
ature [59,60]. The consistency between these results confirms the suf-

10

Fig. 17. Pre-existing crack inside the cylinder.

ficiency of the current approach in accurately predicting viscous com-
pressible flows with boundary effects.

5.1.2. Supersonic flow around a circular cylinder

The supersonic flow around a circular cylinder is considered. The
freestream Mach number is set as Ma = 2.0, and the Reynolds number,
Re = 300. The computational domain spans (0,10D) x (0,12D), with the
cylinder center located at (2D,6D).

Similar as the airfoil case, a non-uniform grid is employed. A fine grid
(Ax r=Ay;=D /512) is used near the cylinder surface, while a coarser
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Fig. 19. m-convergence study of the displacement in y-direction along the line
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grid (Ax, = Ay, = D/2) is applied in the distant regions. At the far-field
boundaries, the left boundary is specified with freestream conditions,
while the top, bottom, and right boundaries are treated with the zero-
gradient extrapolation condition to allow waves to pass through without
significant reflection. On the cylinder surface, a no-slip wall boundary
condition is applied using GCIBM.

Fig. 8 shows the Mach number distribution around the cylinder,
and Fig. 9 presents a comparison of the pressure coefficient distribution
along the cylinder surface between the results from the current model
and those from the literature [61]. The comparison of drag coefficients
C)p, from different numerical methods is shown in Table 2. The numer-
ical experiments demonstrate that the current approach is capable of
accurate prediction of the behavior of supersonic flow as it interacts
with solid boundaries.

5.2. Validation of peridynamic solver

We then validate the peridynamic model for structural deformation
and crack propagation. A two-dimensional plate with an inherent crack
is settled. The plate dimensions are L = 50 mm (length) and W = 50 mm
(width). A horizontal crack of length D = 10mm is initialized at the
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plate’s center. The material is assumed to be isotropic and linear elastic
with Young’s modulus E of 192 GPa and the density of 8000 kg/m>.

The plate is discretized into 500 x 500 material points. The distance
between material points is Ax, = 0.02mm, and the horizon size is set as
6 = 3.015Ax,. The velocity boundary conditions of u, = +20m/s are ap-
plied along its upper and lower edges. Two fictitious boundary layers,
R,, each containing 500 x 3 material points, are added at the top and
bottom to enforce the boundary condition. The simulation employs a
time step of At = 1.3367 x 1073 5. The schematic of the numerical exper-
iment is shown in Fig. 10.

The fracture behavior of the plate is governed by the critical stretch
s.. Fig. 11 presents the comparison of the shape of cracks predicted by
the current method and literature results at s, = 1.0. Fig. 12 provides
the predicted fracture propagation velocity compared with the reference
solution [48,62]. The overall good agreement suggests that the current
bond-based Peridynamic solver can describe material deformation and
damage.

5.3. Validation of the coupling scheme

Here, the fluid-structure interaction solver is to be validated using
the experimental setup by Giordano [63]. The Giordano model features
an elastic panel fixed at its lower edge to a rigid base. This setup is
placed in a shock tube consisting of a movable high-pressure chamber
(0.75m long), a fixed low-pressure chamber (2.02m long), and a mov-
able experimental chamber (0.98 m long), as summarized in Fig. 13.

Ning et al. [25] simplified the model by assuming a tube length of
300 mm with a positive shock imposed at the left boundary. The base
was removed under the assumption that its impact on the results is neg-
ligible. In the simplified model, the panel has a length of 50 mm and a
thickness of 1 mm, and its material behavior is linear elastic. The simpli-
fied experimental setup is illustrated in Fig. 14. The initial flow field and
material parameters are summarized in Table 3. The material of panel
is assumed to be isotropic and linear elastic with Young’s modulus E of
220 GPa and the density of 7850 kg/m?>.

The computational domain spans (0,6L) x (0,1.3L). To reduce com-
putational cost, a non-uniform grid is used in the x-direction, with finer
grid spacing (Ax, = 0.002L) near the plane and coarser grid spacing
(Ax, =0.02L) farther away. Since the plane length is comparable to
the domain size in the y-direction, a uniform grid is adopted in the y-
direction, with a grid spacing of Ay, = 0.02L. The left boundary is set as
a fixed inlet condition based on the inflow air in Table 3, while the right
boundary employs a zero-gradient extrapolation condition. The top and
bottom boundaries are treated with no-slip wall boundary condition.
On the panel surface, a no-slip wall boundary condition is applied using
GCIBM.

The panel is discretized into 4 x 200 material points. The distance
between material points is Ax; = 0.005L, and the horizon size is set
as 6 = 3.015Ax,. A fictitious boundary layers containing 4 x 3 material
points is added at the bottom to enforce the fixed boundary condition.

Fig. 15 shows the comparison of the Schlieren images between [63]
and our simulation results. Fig. 16 shows the displacement of the panel’s
end during the loading process over 2 ms, based on both the experi-
mental and current simulation data. The numerical results show good
agreement with the experimental data [63]. In the time range from 0 to
about 1.5 ms, the displacement increase is consistent with the experi-
mental data. After 1.5 ms, the decrease in displacement also agrees well
with the experimental results.

5.4. Fracture inside a cylinder induced by supersonic flow

Finally, we consider a typical supersonic fluid-solid interaction sce-
nario with the flow conditions derived from the experimental studies
of Bashkin [64]. In this case, the free stream moving of Mach number
1.7 impacts a cylinder that contains a pre-existing internal crack. Upon
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Fig. 20. Crack path computed with differentgrids for a nominal horizon size § = D/50. (a)m = 2.015, Ax, = D/100; (b)m = 4.015, Ax, = D/200, (c)m = 8.015, Ax, =

D/400.
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Fig. 21. s-convergence study of the displacement in y-direction along the line
x =2D.

impact, the crack propagates, showcasing the distinct advantages of the
current PD-based FSI model.

The supersonic flow with Ma = 1.7 and Re = 200, 000 is considered
in the simulation. The diameter of the cylinder is D = 0.024m. The com-
putational domain spans (0,10D) x (0,12D), with the cylinder center
located at (2D,6D). A non-uniform grid is used with a fine grid near
the cylinder and a coarser grid in the distant regions. At the far-field
boundaries, the left boundary is specified with freestream conditions,
while the top, bottom, and right boundaries are treated with the zero-
gradient extrapolation condition to allow waves to pass through without
significant reflection. On the cylinder surface, a no-slip wall boundary
condition is applied using GCIBM.

The material is assumed to be isotropic and linear elastic with the
density of 100 kg/m?. An initial crack is pre-defined inside the cylinder,
as shown in Fig. 17.

5.4.1. Grid convergence studies

To investigate the grid convergence of the FSI response, a systematic
refinement study is performed by varying the resolution of the fine grid
region near the cylinder. Three sets of grids near the cylinder are consid-
ered: Ax, = D/100, D/200, D/400. The transition to the coarser far-field
grid follows the same stretching ratio across all cases. Correspondingly,
the Peridynamic particle spacing Ax; is adjusted to match the local fluid
grid size (i.e. Ax, = Ax f) to ensure a consistent spatial discretization at
the fluid-solid interface. The material properties of the cylinder are set
as follows: the Young’s modulus is E = 25 MPa, and the critical stretch
is s, = 0.02 corresponding to a horizon radius of 56 = D/50.
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To ensure that the aerodynamic forces driving the structural fracture
are accurately captured, we explicitly extracted the aerodynamic pres-
sure at the BM points following the numerical procedure described in
Section 3.3.5. These distributions were compared with the experimen-
tal data from Bashkin [64]. As shown in Fig. 18, the calculated pressure
profiles along the cylinder surface are in excellent agreement with the
benchmark results. This quantitative consistency is further supported
by the data in Table 4, which summarizes the drag coefficients obtained
from the three mesh scales alongside experimental values. The close
match between the numerical and experimental results confirms that
the fluid-induced forces, which serve as the primary drivers for the sub-
sequent structural fracture in the PD module, are accurately captured.

Subsequently, an m-convergence study is conducted to examine
whether the discrete PD equations adequately represent the non-local
integral model. In this study, the horizon size is kept fixed while the
particle spacing Ax, is refined, so that more neighbor particles are in-
cluded within the horizon as m = §/Ax, increases. Specifically, the nom-
inal horizon size is fixed as § = 0.02D, and the particle spacing is suc-
cessively refined as Ax; = D/100, D/200, and D/400. The corresponding
nominal horizon ratios are m = 2,4, and 8, respectively. To avoid mate-
rial points lying exactly on the horizon boundary, the actual horizon ra-
tios used in the computations are slightly shifted to m = 2.015,4.015, and
8.015, respectively. The resulting perturbation of the actual horizon size
is only 0.015Ax,, which decreases with mesh refinement. Fig. 19 com-
pares the vertical displacement v along the cylinder’s vertical centerline
at step 1700, a stage where the cracks have not yet undergone significant
propagation. It is observed that the displacement profile for m =2.015
exhibits a slight discrepancy compared to the finer cases, which can be
attributed to the lower integration accuracy with fewer neighbor parti-
cles. However, the profiles for m = 4.015 and m = 8.015 show an excellent
agreement, indicating that the basic elastic response becomes stable as
the horizon is sufficiently populated. As illustrated in Fig. 20, the crack
trajectory obtained with the coarsest resolution (m = 2.015) significantly
deviates from the other cases. However, the paths for m = 4.015 and
m = 8.015 exhibit excellent agreement, demonstrating that the fracture
patterns have reached a converged state. Specifically, for the converged
cases, the onset of crack bifurcation is observed at approximately step
7400, at a radial distance of roughly 0.38D from the cylinder center.
This suggests that while a low horizon ratio may capture the global
deformation with minor errors during the pre-fracture stage, a larger
m > 4.015 is essential to accurately predict the subsequent crack path.
Consequently, a horizon ratio of m =4.015 is considered sufficient to
accurately capture the characteristic crack propagation without com-
promising computational efficiency.

Finally, we perform a §-convergence study where both the parti-
cle spacing and the horizon radius are reduced simultaneously, main-
taining a constant horizon ratio m = 4.015. The critical stretch s, also
changes with a decreasing horizon, as defined in Eq. (18). The consis-
tency of the structural deformation is first verified in Fig. 21, which
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(c)

Fig. 22. Crack path computed with differentgrids for m = 4.015. (a)é = 0.04015D, Ax, = D/100; (b)é = 0.020075D, Ax, = D /200, (c)é = 0.0100375D, Ax, = D/400.

Mach Number

Fig. 23. Mach number distribution in the flow field around the cylinder.

plots the displacement profiles at step 1700 for the three scales. These
profiles exhibit an almost perfect overlap, indicating a converged macro-
scopic elastic field. Nevertheless, the fracture patterns in Fig. 22 reveal
that the Ax, = D/100 case still shows noticeable discrepancies in the
late-stage crack morphology. As the grid is refined to Ax; = D/200 and
Ax, = D/400, a clear convergence in crack path is observed. Specifi-
cally, for the converged cases, the onset of crack bifurcation occurs at
approximately step 7400, located at a radial distance of roughly 0.38D
from the cylinder center. This demonstrates that the observed fracture
patterns are inherent physical responses of the coupled system rather
than numerical artifacts of a specific spatial discretization.

Considering both numerical accuracy and computational efficiency,
a balanced configuration with Ax, = Ax; = D/200 and m = 4.015 is se-
lected for all following simulations. The convergence tests demonstrate
that this configuration is sufficient to capture accurate surface pressure
distributions and stable crack propagation paths while maintaining an
acceptable computational cost.

5.4.2. Crack propagation for different materials

Fig. 23 shows the Mach number distribution around the upper half
of the cylinder. Fig. 24 illustrates crack propagation inside the cylin-
der under flow impact for different values of Young’s modulus. As the
structural response is driven by the asymmetric aerodynamic loading,
the initial crack exhibits asymmetric propagation toward both the left
and right sides of the cylinder. Specifically, the crack branches extend-
ing to the left remain relatively short, while the rightward-propagating
cracks show more complex dynamic behavior. For the cases with lower
Young’s modulus (Fig. 24(a)-(c)), the rightward-propagating crack bi-
furcates. As the Young’s modulus decreases, the crack bifurcation occurs
at an earlier stage. In contrast, for the stiffest case shown in Fig. 24(d),
the crack propagates along a stable path without branching throughout
the simulation period.
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(d)

Fig. 24. Fracture in the cylinder induced by a supersonic flow. The cylinders in
(a), (b), (c), and (d) have the Young’s modulus of 15 MPa, 20 MPa, 25 MPa, and
30 MPa, respectively.

The results of numerical experiments show that different flow prop-
erties and physical parameters are decisive for the mode and rate of
crack extension. This fully justifies the need to develop coupled flow-
solid solvers that can be applied to fracture mechanics.

6. Conclusion

In this work, we present a novel hybrid algorithm that seamlessly
couples compressible fluid mechanics with deformable material behav-
ior within a unified mesoscopic framework. The gas-kinetic scheme and
bond-based peridynamics are utilized to characterize the dynamics of
fluids and solids, respectively. The integration of these two methods
via the ghost-cell immersed boundary method facilitates a synchronized
evolution of both fluid and solid fields.

The extensive numerical experiments, including subsonic and super-
sonic flows around canonical geometries, crack propagation, and shock
wave impacts on elastic panels, demonstrate the algorithm’s efficacy and
its ability to predict the deformation, damage, and fracture of materials
caused by high-speed flows. These results underscore the method’s po-
tential to address challenging fluid-structure interaction problems that
are difficult to solve with the traditional approaches.
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Looking ahead, several enhancements are envisioned to further ma-
ture this hybrid framework. A primary focus will be the implementa-
tion of a dynamic boundary reconstruction algorithm. While the current
model accurately synchronizes the fluid-solid interface during global de-
formation, it does not yet dynamically update the topology of boundary
markers to account for new surfaces generated by crack propagation.
Future iterations will aim to automatically insert markers at fractured
bonds, enabling the solver to capture complex phenomena such as high-
speed fluid penetration into crack gaps and the resulting internal pres-
surization effects. Furthermore, investigations will focus on extending
this framework to three-dimensional thermal interactions between flu-
ids and structures, refining computational efficiency through adaptive
mesh and time-stepping strategies, and incorporating additional phys-
ical effects to broaden the model’s applicability. Overall, the proposed
method represents a significant step forward in the simulation of cou-
pled fluid and solid dynamics, offering a powerful tool for both funda-
mental research and engineering applications.

Computer code availability

The source code for the proposed FSI solver, along with the input
files in Section 5, is open-source and available via GitHub at https://
github.com/CFDML/Implementation-of-GKS-IBM-PD.
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